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Pre-reforming of Liquefied Petroleum Gas over Ni/CeQO,/Al,O; Catalyst
under Low Molar Ratios of Steam to Carbon

ZHAO Jingyue, ZOU Xiujing, WANG Xueguang , LIU Hezhi, LI Lin, LU Xionggang, DING Weizhong"
Shanghai Key Laboratory of Modern Metallurgy and Material Processing, Shanghai University, Shanghai 200072, China

Abstract: Ni/CeO,/Al,O5 catalyst samples with different Ni contents were prepared by co-impregnating boehmite with aqueous solution of
cerium and nickel nitrates and characterized by X-ray diffraction, N, adsorption, and temperature-programmed reduction. It was found that
there was a strong interaction between Ni and CeO, species. Addition of CeO, promoted the reduction of NiAl,O,4 to metal Ni, while nickel
species in turn promoted the reduction of CeO, and reacted with Al,O3to CeAlOs. The pre-reforming of commercial liquefied petroleum gas
(LPG) was investigated over Ni/CeO,/Al,Os catalyst at low steam/carbon molar ratios (less than 1.0). The effects of Ni content, reaction
temperature, and S/C molar ratio on the performance of the Ni/CeO,/Al,0s catalyst were discussed. The results showed that the catalyst was
highly active and stable for the steam reforming of LPG at 275-375 °C. Higher Ni content and S/C ratio promoted the steam reforming of
LPG and substantially accelerated the methanation of CO, and H,. The stability tests indicated that the Ni/CeO,/Al,O; catalyst exhibited
excellent stability and resistance to carbon deposition. The reaction mechanism for pre-reforming of higher hydrocarbons under lower S/C
molar ratios was proposed.

Key words: nickel; ceria; alumina; liquefied petroleum gas; pre-reforming; steam/carbon molar ratio
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NI AR A ), R ol A2 67 2808 Ni/AL O, i AL 71, 0
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JIZ RIS AR T S N R v AR 25 5 B T
K T HAEARIE 41 R, Ni/ALOS {4k 57735 PR A
DAk, 21 H R A 1k, A AR KB B R L 45 1F R i ke ke
T A Ni FE A 1 7 A 08 . BF 0 R W, Ni R ik
FUIEPE Ao E PERTURR R 1 fie T DLE I 1 4 A AL
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CeO, LA AURR (1 1 g 4 1 vz FHAE A 4 700 B 771,
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THT 43 U100, B s K A A 2 T 1 W B s g R A b
FUTR At SR 77 P21, ot 4 i 5 Rk 22 1) () S A T
YEHI (SMST) 25078 4 Jg 4143 19 P 51221 AT A1 34k FF
(1 TR K AR 8 S I, SRR e 1 T B, 4k
T 1) 5 1 FE KT CeO, (i 2 19 Ni JE A 44 771 90 A M i

R AR R, AT, AR R ZE PR A T i R i

B IK TR 32 5T 7K R A 4% Ni/CeO,/ALOs {1k
A, FEAR KB LE (S/C = 1.0) 451 T % LPG ) 7l 5 48 5K
SR 2 v O R A 3 T RO R ) R

AR AWFFE T Ni/CeO,/Al 05 i AL 11 4 1k
PE R KB L 4 1F F LPG (TR 38 s W, %82 T
Ni By SN R K B L E A4 750 42 1) 5 .
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K 32 503 7K B8 A 7 4% Ni/CeO,/AL O fi
b 7). KA (314 m?/ g, 0.45 cm®/g) 1423 KBS A
SB ¥ (4 [H Condea 22 w) LA 1 °C/min J} 4% 500 °C £%
B 10 h 3RAF. FRIN 10 g KBS A0 KRN 50 ml il iR
i FIUR R AR (AR, B 24 42 K 2l 00 AT B 2 ) ) 1R VR
BRI, FIEBEE 20, 80°C Z& T, IF T 110°C T
PR, BT 800 °C K% 10 h, F A M HE L Fii 43
(20~40 H), B 73 Ni/CeO/ALO5 AL 7. i 3] 5K K
BIR, 4 10% CeO, 1) Ni/CeO,/AlL,O; 14 H: fE fi
P BRI, A SO 1) & AL R CeO, F 58 R
10%, Ni 25 5743 951 42 0, 5%, 7.5%, 10%, 15% F120%.
1.2 EEFIRIRE

X 4 Ze £ 4 (XRD) Wik R F H 4 21 %% D/max-
2550 7Y X SR ATHAN, Cu K, 145, 47 SR (0 3% 4
JE 40 kV, & UL 200 mA, F 3 % 4%/min. Rz K/
AR A T HE

FESL I LE R TR FLAR AN FLAR AR AR 36 (8 22 54X
a5 T ASAP 2020 AW A AT, LN, A W e,
T 5E AR S AE 300 °C i AL BE 8 h.

FE 7 THIR A 5 (Hp-TPR) MR 7E 1 )23 & L3k
7. B 0.1 g AL E T4 o e 2%, Ar U0 B F+
i A2 300 °C AL BE 0.5 h, )4 4 10% H,-90% Ar i A
AR R R 30 m/min, £5EELE RS, LA 10
°C/min J} % 1100 °C, B <4 5A 73 1 i i K J5, tH
TCD Al 35 K I FE A5

KT (TG) A 2 B TA A "] SDT-Q600 %Y
PO ML, AR E 30 ml/min, FEIE R 10
°C/min, i J& {5 [ 100~900 °C.
1.3 fEEFIETEM

SN JEURE Ay oK 48 b B 42 ] LPG (BP W AK A7 3
SAEMWAA, L4 3.1% CyHg-84.0% CiHg-
12.9% CyHyo (PRF 23 %50). T 8 Js 3 E s ] 52 PR
SNV EEE BT, R 1 g AL RE T A S RO A
(K 1000 mm, P42 10 mm) = 30E i X, 6 B AE 1L
FIPR J2 v e (B A 42 2. & R 10% Hp-90% N,
B A (50 ml/min) Jii A7 I8 JEUAE AL ). 7558 BL 10
°C/min F+i{# % 650 °C, 73 LA 1 °C/min T} £ 800 °C, Hf-{#
LS. 5 KA A B0 E BT NI, e
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LPG FIK F3 i) b sk i 5 A 20 01 5T 5 o 48 11
i, BT SAIR G G 5IN R N BT Y. F5
NEGSE (Lh) Ja, FFaa vk R 20 A, R A& TR E
ek NP AT FID KU 38 19 GC-9800 B (1 15 (1
BHE) o i 28 R 2 7)) 78 2k 4> 1 CHy, C,Hg, C3Hy
HCyHyp S ke, o5 — & GC-9800 Y 1 3% A% )
TCD K5l Hy, CHy, CO F1 CO, 85 /N 73§~ M. 23 R
FH 2 B o v AU

Al e B A g o B rp A AR, LA &R rh R
7 o Fo il LPG ¥ 4L F (X(LPG)) A& W1 i (i =
CH4, CO, COy) MIEFEE (S) K H T Xt & X(LPG) =
Y NJ/Nc; Si=N/Y Ni. Hy P (S(Hy)) KA~ =t
52 S(Hy) = Nuo/(Nua + 2Neg). HoH, N IR BEIREL.

2 HER5WHE

2.1 ENFIEHFIE MR

Kl 1 2 500 °C K e i) 0L K 457 SB oy FllAS [+
Ni 7 5 [f] Ni/CeO,/ALOs fiE AL (1) XRD #%. W] LLFH
i, LK A5 A0 R 7E 500 °C K548 10 h )i i 4k o K
B AT (AIOOH) 25 4. A8 H 177 S5 e 1 5 A R0 AH
B, IR AW X 4 y-ALO; A1 NiALO, ) & 41, 1H
NiA1L,O4 2% i A1 I8 B B AT mT BLIE i A7 F 260 = 37.0°,
45.5° 1 67.0° BF 3 1 y- AL O3 17 5 W8 1) FH 0T 58 52 11 [k
1% #A B A7 3IF 512 5200 5t 1 Ni/CeO,/ALOs i 4L 51,

1CeO;, v N1A1204 o Y-A1203
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20/(°)

1 500 °C #5889 SB #FIAE Ni & 2 H# Ni/CeOyf
ALO; L FIHY XRD 1%

Fig. 1. XRD patterns of SB powder calcined at 500 °C and
Ni/CeO,/Al,0; catalyst samples with different Ni loading. (1) Boeh-
mite; (2) CeO,/ALO;s; (3) 5%Ni/CeO/ALOs; (4) 10%Ni/CeO,/ALO;;
(5) 15%Ni/CeO,/ALy0s; (6) 20%Ni/Ce0,/Al,Os.

B 5 Ni 7 &390 2] 20%, £ 20=67.0° 47 5 0 32 i
)% £ JE AL 8% &8 20 = 65.8° &b, [A) I £1 it % 7 20 =
45.5° /A T G U T A G BRI AL X 5 SCHR [25] 45
R—H £EFTAH Ni/CeO/ ALOs AL FIFE il 1 H AR
I NIO (145 ik AT 555 U6, 3 B A6 Vi 25 14 NiO 49 ol B
LA AR TR I R P72, 4E Ni/CeO,/ALO; fiE AL T,
MG RIS TT CeO, i A, H CeOy HAT I I 58 i 15
e B VA B AR A, SR B AL R N AR 3R CeO, 7
fHE A ) 2 TR IR 40 B LT 57 52 M. B CeO, (111) i
THI T 5 WA 5 HE ) CeOn WKL 2 2 8.5 nm (L3 1).

— M LT, LE R K 2R T R N T U R, 7
B AL PN Ak 5 P 42 N TR, 5T 08 it
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LPG T % 2 b P e B df. &1 2 7E 10% H-90% N,
AT T 800 °C it 5 h Ja A Ni &% & 1
Ni/CeOy/ALO; AL FI Y XRD . n] LLE L, b 55
CeOy/ALO; AL 57 XRD ¥ 5 if J 5y JL-F-4H [A]. {H
153 J5 J5 Ni/CeO,/AlLO5 #E AL 7] 1 W %2 1] W3 T 7 1)
Al 7E 20=44.5°,51.8° F1 76.4° Kb A7 5F 0 56k N 1 4=
J& Ni & AP 20=23.4°,33.4°, 41.4° F1 60.0° 4 fi7 4
W U J&8 T CeAlOs fy AU [F] I, 7E 260 = 66.4° (47 5t
W47 B 25 20=67.0°. 1X % B NiALO, 2R i A7 H 1 Ni**
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I A5 e A ) P NP 8 o T R (AT S 0 06
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Fig. 2. XRD patterns of reduced Ni/CeO,/ALO; catalyst samples
with different Ni loading. (1) CeO,/ALOs; (2) 5%Ni/CeO,/ALL0;; (3)
10%Ni/Ce0,/AL,03; (4) 15%Ni/CeO,/ALOs; (5) 20%Ni/CeOy/ AL O;.
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B AT WY S TR AR AN T R A A A AR T S 1T T ) 42
JE Ni AR K /NAHUT . AR5 Ni (2 0 0) & 17177 559 06 (1) 2
U 5 54 T 5 Ni P R 4208 12.9~13.9 nm. #E 38
JE ) Ni/CeOo/ ALOs AL H L CeAlO; b AH, JFAF:
B CeO, fiT T U 5 B2 (K 95k 99, R W] CeO, nI 4 IL Ji
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ALO; AL I, 38 J5 5 AR M 2 2] CeAlOs 18 1, &
WA Ni 5 8k 2 0] 0] B A7 8 s AH TAE T, {2 E T
CeAlOs B . Axd, B4 Ni & & 13— 2 5 I,
CeAlOs i AH AT 5 U i FEE 328 3 ok 99, >4 Ni 75 595 20%
i, CeAlO; AHAT ST 06 JL -3 2% . 3X 38 B 46570 Ni
R A CeAlO; I TE i — 52 A HIAE T, 7T BE
VA IR T 2 T N A% CeO, 10 5 il 0 58% 125 2.
NiALO,+H, === Ni+ALO;+H,0 (1)
2Ce0, + H, + ALO; == 2CeAlO; + H,O (2)
X171 T 10% Ni/ALO; A [A] Ni 7 & (1)
Ni/CeOy/ALO; flEALFI L R AL FLARRUAIFLAE. Af
DL H, JIT ol 4 4 7] B 2 T ARUR AL AR FR8 /N T 800
°C Kl Jo It SB ¥y 3xX 3= ZE A PR T ok 1 2 fd AL
Wl 1% FE R AL 77 2 T NiALO, I TE 1. BfiE Ni 1%
IR0, R AR B SR T AR AL AR R 1 — 2P i, R
LR HAK.

# 1 10%Ni/ALO; FFE Ni & £ /Y Ni/CeO,/ALO; 1 1L 51
B FLES M M TR

Table 1 Pore structure properties of 10%Ni/Al,O; and Ni/CeO,/Al,O;
samples with different Ni loading

Ni
Pore Pore CeO, .
Aggr crystallite

Catalyst sample volume diameter crystallite

(m/g) (cm’/g)  (nm) size (nm) 7

(nm)

10%Ni/ALLOs 134 0.45 13.4 — 134
Ce0y/ALL0; 130 0.43 13.3 9.3 —
5%Ni/CeO/ALO; 130 0.42 12.7 8.7 13.4
10%Ni/CeO/ALO; 118 0.37 12.7 8.4 13.2
15%Ni/CeO0/ALO; 110 0.35 12.6 8.5 13.9
20%Ni/Ce0,/A,O; 101 0.31 12.5 8.6 12.9

*The catalyst samples were reduced at 800 °C for 5 h.

2.2 H,-TPRZR

Kl 3 & 10%Ni/ALOs F1 A [\ Ni 75 5 ) Ni/CeO,/
ALO; LTI 1) Hy-TPR 3. W] LU Hi, CeOy/ALO; £
A E 933 °C LB —ANFE Hy UE, JH 8 T 93 BLLE ALO;
WAR R CeO, B JE . X T 10%Ni/ALO; F1 Ni/
CeO,/ALO; i A 7], 75 BRI & X 35 (< 750 °C) ¥ %

Intensity

)

R L R I R I R I L R I
400 500 600 700 800 900 1000
Temperature (°C)

3 10%Ni/ALO; F1AR[E Ni & £ #J Ni/Ce0/ALO; 1 1L
F#) H-TPR 1%
Fig. 3. H,-TPR profiles of 10%Ni/Al,O; and Ni/CeO,/Al,0; samples
with different Ni loading. (1) 10%Ni/ALOs; (2) CeO,/ALOs; (3) 5%
Ni/CeOy/AL,03; (4) 10%Ni/CeO,/AL05; (5) 15%Ni/Ce0,/AlO3; (6)
20%Ni/Ce0,/AL,0;.

A WS ) NI (038 S0, 3 BA 444 551 v BE 380 i
(1) NiO, 1 ¥ A 15 % 0] A7 3 AH B AF H 1 2 & NiO,
PRh A7 4220 A8 L YO A, 10%N1/AL O, il 4k 571 £
883 °C A7 — M siid I W, 4 J& T~ NiAL O, HYIE . 1M
1F Ni/CeOo/ALOs £ il I H B AN HE H, U — M7 T
858~883 °C, H Xl T~ 1) NiALOy I8 i ; 1 — AN 7E
908~923 °C, X} I F CeO, [k J5. Bifi 5 Ni 7 & [ 44
T, NiAL O, 38 J5 U 1) TR 8 14 . AR, RT3 i
W ) B B, R T B T 5 NIAL O, FT CeO, I FE
H, f£. 5 Ce0,/ALO; F1 10%Ni/ALO5 # Lk, 7E Ni/
CeO,/ALOs i 41 7] 1 NiAL O, Fl CeO, i J5i U 45 [17]
R T7 M W A% . IX B 7E NiALO4 Fil CeO, Z 7] ]
REAFLE 50 AH HAE FH. CeO, I INAFH FI T NiAlLO, &
J5 b 42 Jeg N, 1M 5 v il Ho A0 BERERE o, T8 i <2 8
Ni XAEHE T CeO, I8 J5 T TE B CeAlO;. 3X 1 i
ST 2B BT s T A BRI RS X (2) AT I A
3T R, 7E 600 °C LA E 1 Hy U4t K, CeO, Al ALO;
AE8 JE Ji CeAlOs, 1M 4% 34 I 1) Ni BE% 76 & H, 4%
PE R B B4 CeOy, MM INTEIX — S N 3 F2.
2.3 fEFIE L RE
2.3.1 Ni 2EXELFIHEERZN

2 0 Ni & 54 Ni/CeO,/AlLO5 i A4 71 14 2 HY)
. Al LUE Y, AN S NI CeO,/ALOs 1 4k 51 %t
LPG U S5 b B AT % M5 10 I A7 Ni/CeO,/ALOs i
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2 TFE Ni 2ELFERY LPG =R AL
HE

Table 2 Catalytic performance of different Ni-based catalyst samples
for pre-reforming of LPG

Selectivity” (%)
Sample X%
CH,4 CO, CO H,
10%Ni/ALOs 9.6 20.2(64.7) 79.4 (35.2) 0.4 (0.1) 91.5
CeOZ/A1203 0 — —_ — J—

5%Ni/Ce0,/AL,0; 10.8  40.6 (66.4) 58.5(33.5) 0.9 (0.1) 66.6
7.5%Ni/CeO,/ALO;  43.7 75.8(78.2) 24.0(21.7) 0.2(0.1) 153
10%Ni/CeO,/ALL,0;  97.3 80.5(80.8) 19.4(19.1) 0.1 (0.1) 6.4
15%Ni/Ce0,/ALLO; 100 81.0 (80.8) 18.9 (19.1) 0.1 (0.1) 5.4
20%Ni/Ce0,/AL,O; 100 80.8 (80.8) 19.1 (19.1) 0.1 (0.1) 6.7
Reaction conditions: GHSV = 1500 ml/(g-h), S/C=1.0, 325 °C, 6 h.

*The values in parentheses are the equilibrium values on the basis of

the total small gas molecules (CO, CHy, H,, CO, and H,0) except LPG.

Petroleum gas S/C—steam/carbon molar ratio.

A FRVRE i 38 A — 5 (R A R R R e dE P k. 1K
4 8 Ni BEJE LPG P 8 % S W (X (3)) B3 Pk
Ly, W& CO (x=10r2) M H, 1 I EE AL S b (5K (4) Al
(5)) G PE . 2 NI &8 5% I, LPG 440 204
10.8%, CH, 3 $: E 4 40.6%. Ffi 5 Ni 7 & 3% i 2
15%, LPG % 1k ik %] 100%, CH,4 ¥ £ 7 Tt = 2
81.0%. #H N i, CO, 1 CO 2k F 1k 20 7)) 1 58.5% Al
0.9% I F4 % 18.9% F10.1%.

K2G T RN RS PR LPG LU A /N oy
¥4k (CH4, CO,, H, £ H,0) 4 JE At 5 3k 15 1
CH,, CO, M1 CO 1k £ 1% [ #h g 27~ ATl . v LU
NI R AR I, CH, 3% £ PEAIC T 2R P i {f, 1
CO, F1 CO EF M T B IR P {1 X & W] CO, Al H,
1y R e A o A5 el S B Bl ) 2 L HL CO, 32 EE
LPG 38 J 7 1M AN A& K AR [ Y (3K (6)) r= 4. Bl
# Ni & &= 30, CHy, CO, F1 CO BE £ 7% 5 Fig (H
T80 NS R 10% B, N AR Rk F]F
fiir. 3X 2 B 3G I Ni 5 & 0] 4 5 Ni/CeO,/ALOs I fi
135 M, IE R #E CO, F Hy & M ZE B CHy. b8
10%Ni/Al,05 A1 10%Ni/CeO4/ AL O3 #4471 I 2 [ &5
Rl H H, CeO, B FIAN fE 1235 4055 NI/ALO; fiE 1L
#E LPG 1 5 48 [ N ¥ VE R, th A 1B T CO, A H, (1)
e A S .

C,H,+H,0—CO,+H, AH25°C)>0  (3)
CO+3H, <> CH,+ H,0 AH(25°C)=-205.9 kJ/mol (4)
C02 + 4H2 A CH4 + 2H20

AH(25°C)=-164.7kJ/mol )

CO+H,0 - CO,+H, AH(25°C)=-41.2kJ/mol (6)
2.3.2  RZIEE 3R L 1 BE RO 220
B 4 Ay 2 N 3L E X 10%Ni1/CeO,/AL 05 fiE 4L 5 1
LPG H Al AN = e B B 5. v LU Y, 24 Y
P M 275 °C $E = 21 350 °C B, LPG # L Z M 19.0%
THE 2 100%, & B & i A7 F) T LPG 53540 /N o)
TR I 5 W A K 7 S T A A
I Il S R 2 v A3 B0 e Ak B Y T R k. AR
275~300 °C [i], CH, 3% F 2k /N T B8 V-1 {H, 177 CO,,
CO I H, H e £ 1% KT~ {1, 3% B W B AL | b i
SN F) Iy A L B il B2 B 1 300 °C I, CO,,
CO Ml H, M3k £ 5 BB LT — 30, KA Y.
AR CO, HBEA Y (2N (4) F (5)) AT K <A
e (5K (6)) i F T

100 F

x®
(=]
T

[o)
(=]
T

IS
[
T

Conversion or selectivity (%)

N
(=]
T

275 300 325 350 375

Reaction temperature (°C)

B 4 REEEX 10%Ni/Ce0,/ALO; L7 M ERI &M
Fig. 4. Effect of reaction temperature on the catalytic performance
(solid line) of the 10%Ni/CeO,/AL,O; catalyst and the estimated equi-
librium values of product selectivity (dotted line). (1) X(LPG); (2)
S(CH,); (3) S(CO»); (4) S(Hy); (5) S(CO). Reaction conditions: GHSV
= 1500 ml/(g-h), S/C=1.0, 6 h.

2.3.3  S/C EbXatf 44 50 1% BE B9 52 M

ZELT S/C HAT 15%Ni/Ce0,/AlLOs il 4k 71 fig
5. SRRt FE e, 2 S/C = 1.0 i, ZKZ8 S AT LPG
() o 25 T E 2 000 mi/(g-h); X S/C < 1.0 & W
EER, N — E 5 1) N, LR AT 5] (10 250 S 56 25
BH) T2 3. 0] LU, S/C BL X s i o f 7 4 3
BRI AR, 24 S/IC=0 I, [ N ASBEREAT. Bl
S/C LL B34 I, LPG Ak ik -, 22 S/C=0.5 1)
AT IE 100%. CHy 3% $ 1Bl 5 S/C L i 388 Jnimg Tt &
CO,, CO Fl Hy i FEPE W FEAK. 24 S/C>0.5 I, Jx Wik
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£ 3  S/C LT 15%Ni/Ce0,/AlLO; 1 4L 514 B B9 52 i
Table 3
15%Ni/Ce0,/Al,O; catalyst

S/Cratio  X/% Sclectivity (%)

CH, O, co H,
0 0 _ — —
0.17 263 73.1(81.6) 254(183) 15(0.1) 193
0.33 745 79.8(823) 19.7(17.5) 0.6(0.2) 46
050 1000 81.4(82.1) 184(178) 02(02) 28
083 1000 80.8(813) 19.1(18.6) 0.1(0.1) 49
100 1000 79.5(80.8) 204(19.1) 0.1(0.1) 58

Reaction conditions: GHSV(LPG) = 488 ml/(g-h), GHSV(H,O + N,) =
1512 ml/(g-h), 325 °C, 6 h.
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Scheme 1 Possible water cycle mechanism for the pre-reforming of
LPG over Ni/CeO,/Al,0; catalyst.
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Fig. 5. Stability of the 15%Ni/CeO/Al,O; catalyst for the
pre-reforming of LPG. Reaction conditions: (a) S/C = 0.5, GHSV =
1500 ml/(g-h), 325 °C; (b) S/C = 1.0, GHSV = 2400 ml/(g-h), 325 °C.
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